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Abstract 
Two key factors need to be fulfilled in order to enable high efficiency bifacial p-type PERT cell. High bulk lifetime values 
retention during production processes, and minimized effective surface recombination, Seff in the p+ layer. The influence of boron 
doped layer parameters on the effective surface recombination in the p+ layer of an n+-p-p+ bifacial PERT solar cell is evaluated. 
Back IQE data of n+-p-p+ cells with over-doped p+ layer were used for evaluation of Seff values in the p+ layer. Simulation was 
made for several doping profiles with the surface doping concentration, Bs, in the range 1018 - 1020 cm-3. According to simulation, 
the dominating parameter controlling the effect of the built-in charge in the passivation layer on the effective surface 
recombination is the Bs level. For Bs values above ~1019 cm-3 this charge has no significant influence. p+ layer doping was made 
by B ion implantation as well as by thermal diffusion from deposited B source. Measurements were performed on symmetrically 
B doped n-Si wafers with different passivation. Good agreement between simulation and measurements was found. 
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1. State of the art 
The interest in bifacial Si solar cell increases every year.  The reason for this is more and more evidences that 
back solar cell contribution can increase system performance by up to 40% [1]. The majority of industrially 
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fabricated bifacial Si solar cells are n-type silicon based. The two dominating cell designs are: hetero-structure 
design [2] and Passivated Emitter Rear Totally diffused (PERT) design [3]. Even though above 90% of PV industry 
is p-Si based, bifacial PERT type solar cells fabrication using p-Si meets some technological difficulties. This causes 
the attempts to substitute this cell type by others, similar to PERC p-type cells [4]. Nevertheless, it was industrially 
demonstrated that retaining very high bulk minority carriers lifetime values of 0.2-1 ms is possible for an n+-p-p+ 
PERT structure even in Cz wafers [5]. However, proper managing of p+-layer parameters is needed to allow 
achieving high efficiencies and good bifaciality for p-Si PERT cells. 
Effective surface recombination, Seff, of the p+ layer in a bifacial Si n+-p-p+ structure is a critical factor controlling 
the main solar cell parameters: back spectral response, diode saturation current, Jo, and therefore open circuit 
voltage, Voc, as well as front and back efficiencies [5-11]. Contribution in the Seff and Jo is determined by the bulk 
recombination inside the doped layer and by recombination on the surface. The doping concentration and the doping 
depth are affecting both recombination components [11-12]. 
The data of [5] is an example of such influence, and it can be analyzed as evidence of dominating effect of 
recombination inside the highly and deeply doped p+ layer on the Seff of the bifacial cell rear side. However, if 
maximal doping concentration is below the B solubility limit and the doping is not too deep, surface passivation is 
desirable for reducing recombination losses and increasing the open circuit voltage of the cell. 
Different types of passivating layers are useable [6-10]. One of the important differences among them is the built-
in charge, which can be negative or positive. Silicon oxide layer grown by dry thermal oxidation provides an 
effective passivation of n+-Si layer. The drawback of this passivation layer for p-Si is a positive built-in charge that 
is typical for such a layer [13-14]. The passivation layers of different materials like aluminum oxide, boron silicide 
are applied for p-Si surface passivation. Aluminum oxide is the leading passivation material for p+ layers [6, 8] 
The effect of p+ layer doping parameters (impurity concentration and profile) on the Seff and on passivation 
effectiveness, as well as the influence of surface coating nature and of the built-in charge in the passivation coating 
are the subjects of the current study. 
2. Experimental 
The experiments were focused on the evaluation of the B doped layer parameters effect on the effective surface 
recombination in a p+ layer dedicated for a bifacial solar cell.  
One series of experiments was carried out with bifacial solar cells with thermally heavily doped back. Secondary 
Ion Mass Spectroscopy (SIMS) data for a typical diffused sample is shown in Fig. 1. The high Bs above the limit of 
solubility is distinguishing for deep doping profile. The over-doped region is a result of in-complete BSG removal.  

Fig. 1.  Example of the boron SIMS profile after high temperature diffusion. 
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Spectral quantum efficiency measurements of the back illuminated n+-p-p+ cells with p+ layer heavily doped as 
shown in Fig. 1 were used for determination of Seff of such layers. 
Lower doping levels were studied in the other experimental series that include n-Si samples symmetrically doped 
by boron. The doping was carried by thermal diffusion using controllable deposited B sources. Three examples of 
electro-active boron concentration doping profile in the range of experiments are shown in Fig. 2. Measurements 
were done using Electrochemical Capacitance-Voltage (ECV) characterization apparatus. Boron distribution profile 
of sample #5b was also determined by SIMS. 
 
Fig. 2. Boron distribution profiles in the thermally diffused p+ layers. The data are exhibiting the range of samples being used. 
Implantation of 30 keV B ions with subsequent annealing/redistribution high temperature step was also used for 
samples doping. Two examples of B profiles (which were prepared by 30 keV B ion implantation of different doses) 
are shown in Fig. 3.  
 
Fig. 3. Electrically active boron doping concentration of ion-implanted p+ layers. 
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Lifetime measurements by Quasi Steady State Photoconductivity (QSSPC) decay technique were used for 
determination of Seff. The measurements were carried out on different steps of samples treatment after doping 
process:  
1. After diffusion process followed by RCA cleaning and HF etch.  (Immersed in quinhydrone solution) 
2. After thermal oxidation 
3. After surface RCA cleaning with subsequent SiO2 HF etching and immersion in quinhydrone solution. 
3. Simulation 
Simulation using PC1D program was carried out for describing the p+-layer limitations of Voc as well as of Seff in 
the p-p+ junction. One of the simulation series describes the effect of the deeply doped p+ layers. Thickness of the 
doped layer was assumed ~1.6 Pm, maximal concentration varied in the range 4.1018 – 3.1020 cm-3 (prototype of the 
profile is shown in Fig. 1). The recombination parameters of n+ emitter and of the base region were assumed fairly 
high to not limit Voc below 735 mV. The simulation was made in the frame of Boltzmann statistics and do not 
includes more accurate band-gap-narrowing (BGN) models. Therefore it underestimates the recombination inside of 
heavy doped layers [15]. The simulation results are shown in Fig. 4 as Voc (and Seff) functions of recombination 
velocity on the surface of the doped layer.  
   
 
Fig. 4. Maximum open circuit voltage, Voc, of n+-p-p+ PERT cell as limited by recombination parameters of the back p+ layer. 
Each curve refers to p+ layer with mentioned maximal doping concentration. 
 
As can be seen, Seff of the highly doped p+ layer with maximum concentration close to B solubility limit in Si 
(3.1020 cm-3 curve) is completely determined by bulk recombination in the doped layer and is not affected by 
recombination on the surface. In this case, Voc doesn’t depend on surface recombination that doesn’t contribute in 
the effective surface recombination. As doping level decreases, the contribution the surface recombination in Seff 
value is increasing while the doped layer bulk recombination effect is decreasing. These data illustrate the expected 
effect of surface passivation: no real need of passivation for highly doped deep layer, and increased importance of 
passivation for lower doped p+ layers. More precise evaluation of band-gap-narrowing (BGN) effect should only 
emphasize this result.  
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Simulation of the p+ layer effect was carried out also for the structures with shallower doping. Simulation was 
applied for several B doping profiles in which surface concentration and position of the maximum of the 
concentration profile was different. Typical B profiles used for simulation are shown in Figure 5.  
Some results for the structures with p+ layers of ~0.8 Pm thickness are shown in Fig. 6. In this case the figure 
demonstrates effects on the resulting Voc of two factors: of surface recombination and of the surface charge. The 
open circuit voltage is plotted as a function of the recombination velocity on the cell surface. Two groups of curves 
describe the structures with surface boron concentration, Bs, 1018 and 1020 cm-3 for 3 different charge cases: positive 
charge, no charge or negative charge. Charge density Q (when present) is 2.1012 cm-2. 
 
 
Fig. 5. Typical B distribution profiles used in simulation analysis of the charge influence on the effective surface recombination.  
The profiles are representing the range of experimentally prepared samples. 
 
 
Fig. 6.  Effect of surface B concentration and surface charge on passivation of p+ layer of the n+-p-p+ solar cell. 
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According to simulation, the bulk recombination in the relatively thin p+ layer doesn’t dominate as much as in the 
thick one (Fig. 4), and surface passivation starts to be more critical factor. However, the passivation effectiveness 
can be affected by the charge build in the passivation layer. The dominating parameter controlling the influence of 
the charge on the effective surface recombination is the Bs level. The charge in the passivation layer isn't influencing 
significantly when surface doping concentration is relatively high, i.e. when Bs is above ~1019 cm-3. As can be seen, 
in the case of low Bs, both factors - the surface recombination and the charge - have significant influence on the Voc 
(i.e. Jo due to effect of Seff). In this case the influence of charge becomes critical causing up to 40 mV losses even for 
surface recombination velocity of 104 cm/s, which is fairly achievable with SiO2 passivation. However, at high Bs 
the difference due to field effect of negative and positive fixed charge doesn’t exceed ~10 mV at the same 
recombination velocity on the surface. So, at high Bs the charge has minor effect, and improvement of surface 
recombination (due to decreasing the dangling bonds density) is the controlling factor. 
4. Results and discussions 
Back internal quantum efficiency of n+-p-p+ cells with over-doped p+ layer as presented in Fig. 1. is shown in 
figure 7. Assuming p+ layer with zero thickness, hence no recombination occur inside the doped layer, the shown 
back IQE data were used for evaluation of Seff values in the range of 75±20 cm/s. (The evaluations were made using 
PC 1D program for the rear illuminated cell with zero thickness of the p+ layer. Experimental data were corrected 
assuming p+ layer thickness 0.57 Pm and recombination losses in the layer the same as at 0.4 Pm wavelength light 
illumination). High recombination rate expected for heavy doped layers according to Fig. 4 simulation results are 
not in agreement with relatively low Seff measured for this cell.  This allow assuming that the region with doping 
level lower than ~ 1020 cm-3 contribute in Seff value. It means that heavier doped regions near the surface don’t add 
in Seff of the thick BSF layers. This explains why the deep high B doped BSF have quite low Seff (which is several 
times lower than in Al BSF) and doesn’t limit Voc at level lower than ~660 – 670 mV. Moreover, this is without any 
surface passivation. 
 
 
Fig. 7. Range of spectral dependences of back internal quantum efficiency of bifacial solar cells of an industrially fabricated lot. 
 
J0 and Seff values of some representing samples are presented in table 1. Samples were measured after high 
temperature diffusion followed by RCA clean and HF etch, immersed in quinhydrone solution. The first two 
samples were hydrophobic signifying that no residues were left on surface. The two following samples were 
hydrophilic after same cleaning and etch treatment. Still, very low J0 (and Seff) values were obtained under 
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quinhydrone passivation. These results are proving technological feasibility of p+ layer formation enabling surface 
passivation without any need for a preliminary aggressive process. 
Table 1. Effect of remaining layer (after cleaning) on surface recombination parameters 
Sample # Hydrophobic Sheet resistance 
:/ 
Surface 
concentration 
cm-3 
Recombination parameters 
In quinhydrone 
J0, fA/cm2 Seff, cm/s
Dif_93b Yes 250 7.0E+18 41.5 7.2 
Dif_5b Yes 51 3.0E+19 40.1 6.98 
Dif_450 No 160 1.5E+19 15.5 2.7 
Dif_36c No 25 6.0E+19 295 51.3 
 
J0 values for samples with SiO2 thermal passivation are compared in table 2 with the results of quinhydrone 
passivation (demonstrating the effect of the charge trapped by SiO2). As can be seen, the experimental results 
confirm the simulation result. For low boron surface concentration values SiO2 passivation layer is less effective 
than quinhydrone passivation (samples 55a and 93b). The effect of charge trapped by SiO2 is limiting the decreasing 
of surface recombination: the J0 of cell with SiO2 passivation is ~ order of value higher than in the case of 
quinhydrone passivated cell. When boron concentration is higher than 1.0E+19 cm-3, no significant difference is 
observed for quinhydrone or SiO2 passivation.  
 Table 2. Surface recombination parameters under passivation of SiO2 and quinhydrone 
Sample 
# 
 
Sheet resistance 
after oxidation 
:/ 
Surface 
concentration 
cm-3 
Junction 
depth 
Pm 
Recombination parameters 
With SiO2  
Recombination parameters 
In quinhydrone  
J0, fA/cm2 Seff, cm/s J0, fA/cm2 Seff, cm/s
Dif_55a 390 1.7E+18 0.5 265 46.1 41 7.1 
Dif_93b 330 1.8E+18 0.5 385 67 28.4 4.9 
Dif_06 31 1.1E+19 1.3 208 36.2 217 37.8 
Ion_A 50 3.3E+19 0.8 1020 177 1050 183 
Ion_T 174 1.8E+19 0.5 324 56.3 556 96.6 
 
5. Conclusions 
x Recombination properties of p+ layer in n+-p-p+ bifacial PERT solar cells were studied experimentally and by 
simulation. 
x Experimental samples were prepared using high temperature B diffusing using surface deposited sources as 
well as B ion implantation with subsequent annealing/redistribution. 
x Back internal quantum efficiency analysis demonstrates moderate effective surface recombination of 75±20 
cm/s for heavily and deep doped layers.  
x When doping concentration and depth are decreasing, both QSSPC measurements of symmetrically doped 
wafers and simulation results show an increased contribution of surface recombination in Seff. 
x Seff values below 10 cm/s were obtained for wide range of doping conditions with quinhydrone passivation. 
x According to simulation, the dominating parameter controlling the influence of the built-in charge on the Seff 
is the surface doping concentration level. The charge in the passivation layer isn't influencing significantly 
when Bs is relatively high, i.e. when Bs is above ~1019 cm-3 
x Good agreement with charge simulation results was experimentally obtained. Measurements were made on 
thermally oxidized doped wafers and on the same wafers in quinhydrone. 
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